Spin valves consisted of heterostructures of single-layer graphene on antiferromagnetic substrate, or bilayer graphene intercalated between two (anti)ferromagnetic insulators, are proposed. The magnetization orientation of the antiferromagnetic substrate(s) control the band gap and topological properties, and then control the charge, spin and(or) valley conductivities. The heterostructures are investigated by tight binding model with the exchange field induced by the Van der Waals interaction between the graphene and the (anti)ferromagnetic substrate(s), the Hubbard model that describe the electron-electron interaction and the spin orbital coupling. Novel effect of the Hubbard interaction to the band gap are found to strengthen or weaken the spin valve efficiency. Topological edge states at the domain walls between regions with different Chern numbers are confirmed by the tight binding calculation of nanoribbons. The presence of the Hubbard model induces the quantum anomalous Hall phase in some heterostructures which is topologically trivial in the absence of interaction.
I. INTRODUCTION
Spintronic has been proposed as physical foundation of information processing system. The phenomenon of spindependent transport based on the physics of giant magnetoresistance [1, 2] and tunnel magnetoresistance [3, 4] have been studies and further developed into the widely applied information storage devices known as Magnetoresistive random-access memory (MRAM). The concept of spin valve [5] that controls the electronic conductivity by the magnetization orientation lead to development of spintronic for information operating systems , in addition to information storage medium.
Graphene have been considered as preeminent candidates for spintronic systems [6] [7] [8] , because of the high electron mobility [9, 10] and long spin relaxation life time [11] [12] [13] [14] . Generation and manipulation of spin current by electronic [15, 16] and optical [17] [18] [19] [20] [21] [22] method have been proposed theoretically and studied experimentally [23] [24] [25] . Single layer graphenes(SLGs) and bilayer graphenes(BLGs) with substrate proximity effect [26] [27] [28] or adatom doping [29] exhibit large spin orbital coupling(SOC) that make the spintronic effect observable in room temperature. Specifically, the graphene on transition metal dichalcogenides (TMDCs) systems are found to induce novel spin effect and topological properties [30] [31] [32] [33] [34] [35] . Proximity effect of graphene on ferromagnetic insulator induces exchange field, which is spin dependent potential [36] . Coexistence of ferromagnetic exchange field and Rashba SOC drive the SLGs into quantum anomalous Hall(QAH) phase [37, 38] . The topological zero-line mode at the domain wall of QAH phase host topological edge states with localized one-way charge transportation [39] . Van der Waals spin valves based on BLGs het- * Corresponding author:luom28@mail.sysu.edu.cn erostructures [40] have been recently proposed [41] .
In order to reduce power consumption and device size of the spintronic systems, antiferromagnetic materials have been proposed to replaced the ferromagnets [42, 43] . Comparing to ferromagnetic spintronic, the spintronic devices based on antiferromagnetic materials have multiple advantages, such as absence of parasitic stray fields and ultrafast magnetization dynamics. The antiferromagnetic insulators with high Neel temperature have been studied experimentally [44] [45] [46] [47] , including materials with hexagonal crystal structure [44, 45] .
In order to harness the advantages of both graphene and antiferromagnetic spintronic, we propose spin valve based on heterostructures of graphene and antiferromagnetic materials. Assuming that the antiferromagnetic insulator with surface lattice being matched to graphene could be found or engineered, the staggered sublattice exchange field are induced in the graphene. We consider SLGs on the antiferromagnetic substrate, BLGs being intercalated between two antiferromagnetic substrates and BLGs being intercalated between an antiferromagnetic substrate and a ferromagnetic substrate. Additional proximity to TMDCs or adatom doping induce SOCs that modify the topological properties. For bulk graphene, the band gap and conductivity are controlled by flipping the magnetization orientation of the antiferromagnetic substrates. In addition to charge conductivity, valley or spin polarized conductivities are also controlled by the magnetization and SOC. For one groups of the intercalated BLGs, the Rashba SOC induce the QAH phase in the absence of the Hubbard interaction. For the other groups of the intercalated BLGs, in the absence of the Hubbard interaction, the systems is topological trivial for arbitrary Rashba SOC; the presence of the Hubbard interaction drives the systems into the QAH phase [48, 49] . For the (anti)ferromagnetic domain wall, the topological edge states with conductivity being controlled by the magnetization orientation are also investigated.
The article is organized as following: In section II, the tight binding model for SLG is given, and the calculation method of the topological number are briefly discussed. The first subsection discusses the effect of the Hubbard interaction to the band structure and bulk band gap. The second subsection discusses the topological phase in the presence of the Rashba and intrinsic SOC. In section III, the tight binding modeling for the BLG are given. The first subsection discusses the effect of the Hubbard interaction to the band structure and bulk band gap. The second subsection describes the condition to induce quantum anomalous Hall phase and the topological edge states at the domain wall between regions with different Chern numbers. The third subsection discussed the combination effect of Rashba SOC and Hubbard interaction on the topological properties. In section IV, the conclusion is given.
II. SINGLE-LAYER GRAPHENE
The pristine SLG is described by the tight binding Hamiltonian
where t = 2.8 eV is the hopping energy, σ = ±1 is the index of spin, i and j are the indices of lattice sites, c + iσ (c iσ ) is the creation(annihilation) operator of electron at the ith lattice site with spin index σ. The summation indices with i, j cover the nearest neighboring lattice sites. Assuming that the SLG is proximitized to the lattice matching antiferromagnetic insulator, the spin-dependent staggered sublattice exchange field is modelled by the Hamiltonian as
whereŝ x,y,z are the Pauli matrix of spin x, y and z. In this manuscript, κ i is equal to 1(−1) for the A(B) sublattice. On the other hand, the spin-independent staggered sublattice potential induced by the nonmagnetic substrate, such as h-BN or SiC, is modelled by the Hamiltonian
In case that the proximity substrate is ferromagnetic insulator, the exchange field is ferromagnetic like, which is given as [50] H x,y,z
If the other surface of the SLG is proximitized to TMDCs, or covered by appropriate adatom doping, Rashba and intrinsic SOC are induced. The Rashba SOC is described by the Hamiltonian
where d ij is the unit vector from the i-th to j-th lattice site,ŝ is the vector of three Pauli matrix for spin. The proximity effect of the TMDCs induce staggered sublattie intrinsice SOC given by [30, 31, 34 ]
where ν ij = (+1) − 1 for (counter)clockwise path. The summation indices with i, j cover the next-nearest neighboring lattice sites. The regular intrinsic SOC induced by other systems is given by
In the presence of interaction that is described by the Hubbard model, the additional Hamiltonian is
where n iσ is the operator of the particle number at the i-th lattice with spin indices σ andσ = −σ. In the presence of H U , the spectral functions of the bulk and nanoribbon systems are calculated by applying the cluster perturbation theory(CPT) method [51] [52] [53] [54] [55] [56] . The topological properties of the systems can be described by the Chern number and valley Chern number. The topological numbers are calculated for noninteracting systems. The Chern number being denoted as C is defined as the integral of the Berry curvature of the occupied bands of an insulator covering the whole first Brillouin zone [37, 38] . Because the Berry curvature have large value in the vicinity of K(K') point, the Chern number of each valley being denoted as C K(K ′ ) can be defined for the corresponding continuum Dirac Fermion model [57, 58] . In this case, the integral of the Berry curvature of the continuum Dirac Fermion model cover the infinite large Brillouin zone. The difference between the Chern number of K and K' valley is the valley Chern number C V = C K − C K ′ . For the system without spin flipping term in the Hamiltonian, the Chern number of each spin component and each valley can be defined for the corresponding continuum Dirac Fermion model as well, which is denoted as C σ K(K ′ ) . Similarly, the valley Chern number of each spin component can be defined as
In the sole presence of antiferromagnetic exchange field or staggered sublattice potential, which are described by the Hamiltonian H 0 + H ∆ or H 0 + H z AF , the spin flipping term is absent. Both of these two Hamiltonian describe massive Dirac Fermion. The former model has the same mass term for each spin component, while the later model has mass terms with opposite sign for the two spin components. Since the band gaps only depend on the absolute value of the mass terms, the two models have the same band structure, assuming λ ∆ = λ z AF . If the magnetization orientation is parallel to the graphene plane, such as H 0 + H x AF , the band structure remains the same. For the model H 0 + H z AF , the spin and valley dependent Chern number is C σ τ = τ σ with τ = ±1 labeling the K(K') valley. Similar to the domain wall between two regions with staggered sublattice potential of opposite sign [59, 60] , the domain wall between two regions with antifettomagnetic exchange fields of opposite magnetization orientations support chiral edge states. The dispersions of the chiral edge states of the opposite spin components are opposite to each other in each valley. As a result, the chiral edge states support dissipationless spin-valley current at the intrinsic Fermi level [61] .
A. Bulk gand gap: effect of Hubbard interaction
In this subsection, we study the effect of the Hubbard interaction to the bulk band gap and compare the two models with the Hamiltonian H 0 + H ∆ and H 0 + H z AF . In the absence of the Hubbard interaction, assuming the parameters λ ∆ = λ z AF = 28 meV, the band structures of the two Hamiltonian are the same, as shown in Fig.  1 (a) and (b). The effect of the interaction is described by adding H U to each model. The spectral function given by the CPT method are plotted as shaded surface in Fig. 1 (a) and (b). In the presence of interaction, with the realistic parameter U = 1.6t, the spectral function of these two systems exhibit different feature. For the Hamiltonian H 0 + H ∆ + H U , the gap of the Dirac Fermion is suppressed to near zero, as shown in Fig. 1 (a). Similar conclusion was given by the theoretical calculation of the Hubbard model by applying dynamical mean field theory [62, 63] . In addition, the interaction shifts the center of the valleys [56] . In contrary, for the Hamiltonian H 0 + H z AF + H U , the gap is enlarged by the interaction, as shown in Fig. 1(b) . The phenomenon can be understood by the picture of mean field approximation that the Hubbard model is approximated as H U ≈ U i (n i+ n i− + n i− n i+ ). The n iσ at A sublattice is larger(smaller) than that at B sublattice, if the local potential of the opposite spin at A sublattice is smaller(larger) than that at B sublattice. The mean field Hubbard terms act as another mass term of the Dirac Fermion. For the systems with H 0 + H ∆ + H U , the effective mass term of the Hubbard model partially cancel the mass term of the staggered sublattice potential. In contrary, for the systems with H 0 + H z AF + H U , the effective mass term of the Hubbard model has the same sign as the mass term of the staggered sublattice potential, so that the gap is enlarged. Further consideration of the short range correlation by the CPT method modifies the band gap and shift the center of the valleys. In case that the
The shaded surface and blue solid lines are the spectral function and band structure in the ε − k space, respectively. Because of the opening of the bulk band gap, the zigzag nanoribbon also exhibit band gap, as shown in Fig.  1(c) . The localized flat band become slightly bended with small dispersion in the presence of the Hubbard interaction. In order to design localized spin valve with small scale, the spin dependent chiral edge states at the domain wall between two regions with opposite magnetization orientations of the antiferromagnetic substrates are investigated. In the absence of the Hubbard interaction, the chiral edge states of the domain wall between two semiinfinite graphene have dispersion relation ε = στ v F k y near to the K(K') valley, with k y being the wave number along the domain wall. Because of the finite size effect, the chiral edge state at the domain wall couple with the edge states at the zigzag open boundaries, so that the dispersion deviate from linear, as shown by the blue(solid) line in Fig. 1(d) . The presence of the Hubbard interaction enlarge the bulk band gap as well as weaken the finite size effect. Thus, the dispersion of the chiral edge states remain linear in a larger bandwidth, as shown by the spectral function in Fig. 1(d) .
B. Topological phase diagam
In the presence of the SOC, the SLGs are described by the Hamiltonian H 0 +H z AF +H R +H (s)I . For the realistic materials being proximitized to TMDCs, H ∆ appears and the intrinsic SOC includes both H sI and H I . In order to demonstrate the physics qualitatively, we neglect H ∆ and separately consider the sole presence of H sI or H I . In the absence of H z AF , the model with H 0 + H R + H sI is in the quantum valley Hall(QVH) phase with C = 0 and C V = 2 · sign(λ sI ). On the other hand, the model with H 0 + H R + H I is in the trivial band insulator(BI) phase with C = 0 and C V = 0.
In the presence of H are plotted in Fig. 2(a) . In the regime with λ sI < λ z AF , two phases appear, which are BI and valley halfmetal(VHM). The band structure of the systems in BI and VHM phases are plotted in Fig. 2(b) and (c), respectively. By solving the Hamiltonian at K(K') point, the condition of gap closing is given as λ R = λ z AF (λ z AF − λ sI ), which is the phase boundary between BI and VHM. Assuming full occupation of the valence band, the VHM phase has the same topological number as the QVH phase. However, the global gap of the VHM phase is closed, because the gaps of K and K' valley does not align. In equilibrium, the conduction(valence) band of the K(K') valley is partially occupied(empty). The conductance of K(K') valley is electron(hole) like, so that this phase is name as valley half-metal. By tuning the Fermi level into the gap of K(K') valley, the conductance is K'(K) valley polarized. Increasing λ sI across the vertical line λ sI = λ z AF in the phase diagram bring the systems back to the QVH phase with global gap. The band structure of the QVH phase is plotted in Fig. 2(d) . When λ R equate zero in this regime(thick line in the phase di-agram), the band structure is plotted in Fig. 2(e) , which is gapless. For each spin component, the conductance is valley half-metal like, and the valley polarization for the two spin component is opposite, so that this phase is denoted as the spin-valley half-metal(SVHM). If the absolute value of the Fermi level is tuned to be larger than λ sI − λ z AF , the systems exhibit coupled spin and valley physics [64] .
On the other hand, the phase diagram of the model with the Hamiltonian H 0 + H z AF + H R + H I is simpler since all phases are topological trivial, as shown in Fig.  3(a) . The model with the Hamiltonian H 0 +H R +H I is in quantum spin Hall phase with topological number Z 2 = 1 [65] , but the presence of the antiferromagnetic exchange field break the time-reversal symmetry and drive the system into topological trivial phase. The band structures of four phases marked by the black dot and the corresponding title in Fig. 3(a) are plotted in Fig. 3(b-e) . The three straight lines that separate the four phases are λ R = λ I − λ 
where the summation indices i, j ⊥ couple the B lattice sites of the ι = 1 layer and the nearest A lattice site of the ι = 2 layer. The spin valve consisted of BLGs being intercalated between two ferromagnetic insulators, which are modelled by the Hamiltonian 
A. Bulk band gap
The band structures and spectral functions of the BLGs being intercalated between two antiferromagnetic insulators are plotted in Fig. 4(a-c) . In Fig. 4(a) , when the magnetization orientations of the top and bottom layer are the same, the band structure has a gap. The Hubbard interaction enlarge the band gap, being similar to the situation in SLGs. When the magnetization orientation of the bottom layer is rotated to be perpendicular to that of the top layer, the degenerated band split up, and the band gap slightly decreases, as shown in Fig. 4(b) . Further rotating the magnetization orientation of the bottom layer to be opposite to that of the top layer closes the gap, as shown in Fig. 4(c) . The BLGs were switched from insulator to conductor by rotating the magnetization orientation of the top or bottom antiferromagnetic substrate. This property could be used to construct the antiferromagnetic spin valve devices.
The spin valve effect was also found in the BLGs being intercalated between ferromagnetic insulator at the top and antiferromagnetic insulator at the bottom, as shown in Fig. 4(d-f) . For the BLGs with λ gap (Fig. 4(d) ). For the BLGs with larger exchange field λ F , the Hubbard interaction more significantly enlarges the band gap, as shown in Fig. 5 . However, with λ F being larger than 0.13 eV, the trend reverses that the Hubbard interaction significantly suppresses the band gap. When the strength of λ F reach the threshold at 0.24 eV, the band gap is closed by the Hubbard interaction, implying the insulator to metal phase transition driven by the coexisting of the antiferromagnetic, ferromagnetic exchange field and the electron-electron interaction.
As comparison, the band structure of the BLGs being intercalated between nonmagnetic substrates is plotted in Fig. 4(g) , which shows that the Hubbard interaction suppresses the band gap [62] . For the ferromagnetic spin valve consisted of the BLGs being intercalated between two ferromagnetic insulators, the Hubbard interaction does not significantly change the band gap, as shown in Fig. 4(h) and (i) . In general, in the presence of the Hubbard interaction, the band gap of the antiferromagnetic spin valve is more sensitive to the changing of the magnetization orientation than that of the ferromagnetic spin valve.
B. Topological edge states
Because both surface of the BLGs are proximitized to (anti)ferromagnetic insulators, no proximity to TMDCs is feasible. Thus, we neglect the presence of intrinsic SOC. The Rashba SOC could be induced by intercalation of heavy metal atoms between two graphene layers. Firstly, we investigate the BLGs being intercalated being antiferromagnetic insulators with the presence of Rashba SOC, which is modelled by the Hamiltonian ι (H 0,ι + H Fig. 6(a) and (b) , respectively. For each type of edge states, the dispersions in K and K' valley is the same. One of the edge states at the domain wall has nearly linear dispersion, while the other edge state has oscillating dispersion at the middle of the bulk gap. In the presence of the Hubbard interaction, the band width of the segment of the edge state band structure with oscillating dispersion is suppressed, as shown by the spectral function in Fig. 6(b) . At the domain wall separating two regions with Chern numbers being 2 and 0, only the edge state with nearly linear dispersion appears, as shown in Fig. 6(d) . Because the K and K' valley dispersions of the edge states at the domain wall are the same, these edge state support one-way charge conductivity at Fermi level. For realistic materials, the parameters are smaller than those in Fig. 6 , so that the finite size effect couple the edge states at the open boundaries and that at the domain wall. But the finite size effect become insignificant for nanoribbon with larger width.
The BLGs being intercalated between antiferromagnetic insulator and ferromagnetic insulator with the presence of Rashba SOC, which is modelled by the Hamiltonian For the domain wall that separates two regions with Chern number being +2 and −2, the band structure and spectral function are plotted in Fig. 7(a-c) . The dispersions of the localized edge states are nearly linear at the intrinsic Fermi level, which are the same at K and K' valleys. The presence of the Hubbard interaction enlarge the bandwidth with nearly linear dispersion around the
The scheme of three-ware current partition and recombination at the junction of three domain walls.
intrinsic Fermi level. In order to optimally construct the domain wall that with Chern number being ±2 and 0, engineer of the strength of the exchange field and Rashba SOC is required, because the Hubbard interaction and the Rashba SOC could either enlarge or suppress the bulk band gap. The optimal parameters were found to be λ (Fig.  7(f) ). Two of the four edge states at the domain wall in Fig. 7(b) are inherited to the domain wall in Fig. 7(e) .
Because the Chern number could be one of the three number, ±2 or 0, the junction among three regions with three different Chern numbers can be constructed, as shown in Fig. 8 . The Chern number of each regions are labeled in the figure. The junction of three domain walls support current partition or recombination [66, 67] . In Fig. 8 , the topological domain walls are marked by solid(blue) lines, with solid(blue) arrow indicating the direction of the one-way charge current at Fermi level. The three-way junction at the left support current partition, and that at the right support current recombination. The open boundaries of the regions with C = ±2 are marked by red(dashed) lines, which also support one-way charge current labeled by the empty red arrows. The open boundaries of the region with C = 0 is marked by black(dotted) lines. On the other hand, the junction among four regions with Chern number being +2, −2, +2 and −2 along (counter)clockwise sequence support current partition and recombination as well [39] . The large scale complicated integrated spintronic circuits could be constructed by jigsaw of regions with varying Chern numbers. = λ F and finite λ R is topologically trivial. With λ R being small, the global band gap with zero Chern number exist. With λ R being sufficiently large, the Chern number is nonzero, but the global gap is closed because the local band gaps of the two valleys do not align. Thus, the BLGs in these phase regimes is not in the QAH phase, but in the Chern topological metallic(CTM) phase. The local band gap of each valley is small, so that the topological edge states at the open boundary in each valley [68] are weakly localized. The additional presence of the Hubbard interaction drives the system into the QAH phase with global gap and nonzero Chern number in part of the phase regime. The Chern number is calculated by integrating the Berry curvature of the topological Hamiltonian [69] [70] [71] [72] [73] [74] . , which is the inverse of the zero frequency Green's function given by the CPT method. The numerical result of the phase diagram is plotted in Fig. 9(a) . Three regimes with Chern number being 2, −2 and −4 are identified. In the regimes with C = −2 or C = −4, the gaps of the two valleys does not align and then the BLGs are in the CTM phase. In the regimes with C = −2, the local band gap of each valley is significantly larger than that of the corresponding non-interacting systems, so that the topological edge states at the open boundary in each valley are more localized. In the regime with C = 2, the global gap exists. At the phase boundary between the regimes with C = 2 and C = 0 in the phase diagram, the global gap as well as the gap of each valley close at the intrinsic Fermi level. The gap closing is driven exclusively by the Hubbard interaction, because in the corresponding non-interacting model neither the global band gap nor the band gap of each valley closes in this phase regime.
In order to confirm the topological gap of the QAH phase, the band structureof the zigzag nanoribbon of the BLG with λ 
IV. CONCLUSION
The spin valves consisted of heterostructures of graphene and (anti)ferromagnetic insulator are studied by solving the tight binding model with the presence of staggered sublattice exchange field, Hubbard model and the SOC. The band structure of bulk graphenes and domain walls are controlled by the magnetization orientation of the antiferromagnetic substrate(s). Both of the bulk states and localized edge states at the domain walls could be used to construct spin valves devices, whose conductivities of charge, valley or spin currents are controlled by the magnetization orientation. The presence of the Hubbard interaction widen the band gap of the SLGs and BLGs heterostructures with only antiferromagnetic substrate(s). The Hubbard interaction improves the quality of the spin-dependent chiral edge states at the domain wall of the SLGs heterostructures by weakening the finite size effect and widening the effective bandwidth with linear dispersion. For the BLGs heterostructures with mix substrates of antiferromagnetic and ferromagnetic, the band gap is widened, narrowed or closed by the presence of the Hubbard interaction, if the strength of the exchange field is small, median or large, respectively.
In the additional presence of the SOC in the SLGs with antiferromagnetic substrate, the band structures near to the K and K' point become spin and(or) valley dependent, resulting in spin, valley or spin-valley polarized conductivity at the Fermi level, depending on the strength of Rashba and intrinsic SOC. For the BLGs being driven into metal or insulator by the (anti)ferromagnetic substrates, the additional presence of the Rashba SOC open the topological band gap with Chern number being ±2, or modifies the band gap without changing the Chern number, respectively. At the domain wall between regions with different Chern number, the localized edge states are studied by solving the tight binding model of the zigzag nanoribbon with sufficient width. The dispersions of the localized edge states at K and K' valleys are the same, implying one-way charge conductivity at Fermi level. The additional presence of the Hubbard interaction improve the quality of the localized edge states by widening the bandwidth with nearly linear one-way dispersion. The three-way current partition or recombination devices consisted of the junction of three regions with three different Chern numbers are proposed, which could be the building block for large scale integrated antiferromagnetic spintronic systems. For the BLGs that is not driven into the QAH phase by the co-presence of the (anti)ferromagnetic substrates and the Rashba SOC, the additional presence of the Hubbard interaction could drive the systems into the QAH phase. Further studies of the antiferromagnetic spin valve systems would require the search or engineering of realistic antiferromagnetic materials with surface lattice being matched to graphene, as well as appropriate adatom doping that induce SOC simultaneously.
